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ABSTRACT
We explore the relations between size, stellar mass and average stellar population age (indicated
by Dn4000 indices) for a sample of ∼ 11000 intermediate-redshift galaxies from the SHELS spectro-
scopic survey (Geller et al. 2014) augmented by high-resolution Subaru Telescope Hyper Suprime-Cam
imaging. In the redshift interval 0.1 < z < 0.6, star forming galaxies are on average larger than their
quiescent counterparts. The mass-complete sample of ∼ 3500 M∗ > 1010M quiescent galaxies shows
that the average size of a 1011M quiescent galaxy increases by . 25% from z ∼ 0.6 to z ∼ 0.1. This
growth rate is a function of stellar mass: the most massive (M∗ > 1011M) galaxies grow significntly
more slowly in size than an order of magnitude less massive quiescent systems that grow by 70% in the
0.1 . z . 0.3 redshift interval. For M∗ < 1011M galaxies age and size are anti-correlated at fixed
mass; more massive quiescent systems show no significant trend in size with average stellar population
age. The evolution in absolute and fractional abundances of quiescent systems at intermediate red-
shift are also a function of galaxy stellar mass. The suite of evolutionary trends suggests that galaxies
more massive than ∼ 1011M have mostly assembled their mass by z ∼ 0.6. Quiescent galaxies with
lower stellar masses show more complex evolution that is characterized by a combination of individual
quiescent galaxy size growth (through mergers) and an increase in the size of newly quenched galaxies
joining the population at later times (progenitor bias). The low-mass population (M∗ ∼ 1010M)
grows predominantly as a result of progenitor bias. For more massive (M∗ ∼ 5× 1010M) quiescent
galaxies, (predominantly minor) mergers and progenitor bias make more comparable contributions to
the size growth. At intermediate redshift quiescent size growth is mass-dependent; the most massive
(M∗ > 1011M) galaxies experience the least rapid increase in size from z ∼ 0.6 to z ∼ 0.1.
Keywords: galaxies:evolution, galaxies: fundamental parameters, galaxies: structure, galaxies: stellar
content, galaxies: statistics
1. INTRODUCTION
Galaxy size is a fundamental galaxy property that
quantifies the distribution of its stellar mass. In combi-
nation with the concentration of surface brightness pro-
files and stellar velocity dispersion, galaxy sizes provide
a connection between the luminous content and dynam-
ical mass of quiescent galaxies (e.g., Zahid & Geller
2017). The distribution and redshift evolution of sizes
for quiescent systems offer clues about the history of
their mass assembly.
The size or half-light (or effective) radius of a quies-
cent galaxy is directly related to its surface brightness
(Kormendy 1977). This relation is one projection of the
Fundamental Plane, a tight correlation between lumi-
nosity, velocity dispersion, and size (Djorgovski & Davis
1987; Dressler et al. 1987). Using galaxy stellar mass
rather than surface brightness accounts for mass-to-light
ratio variations and enables study of the relation over a
broad redshift range.
A large suite of observational studies map the size –
stellar mass relation for quiescent galaxies and its evo-
lution over the 0 . z . 3 redshift interval (e.g., Shen
et al. 2003; Trujillo et al. 2004; Zirm et al. 2007; Toft
et al. 2007; Trujillo et al. 2007; Buitrago et al. 2008; Guo
et al. 2009; van Dokkum et al. 2010; Damjanov et al.
2011; Newman et al. 2012; Cimatti et al. 2012; Huertas-
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Company et al. 2013; van der Wel et al. 2014; Lange
et al. 2015; Sweet et al. 2017). A majority of these stud-
ies are based on Hubble Space Telescope (HST) imaging.
Quiescent systems at z ∼ 1.5 are on average a factor of
2 − 3 smaller than their counterparts of the same mass
at z ∼ 0 (Daddi et al. 2005). Furthermore, these stud-
ies revealed a population of extremely massive compact
quiescent galaxies at high redshift. These compact sys-
tems are 5−10 times smaller than similarly massive local
quiescent galaxies (e.g, van Dokkum et al. 2008).
Direct comparisons of equivalently selected compact
samples at high redshift (z > 1) and in the local vol-
ume (based on Sloan Digital Sky Survey (SDSS) imag-
ing) imply a drastic decline in the abundance of massive
compact quiescent systems (e.g. Trujillo et al. 2009; Cas-
sata et al. 2011, 2013; van der Wel et al. 2014). However,
other z ∼ 0 studies of massive quiescent compacts report
number densities similar to the abundances of z > 1 sys-
tems (Valentinuzzi et al. 2010; Poggianti et al. 2013b,a).
Recent investigations of quiescent samples at 0.2 <
z < 0.8 link the local and z > 1 samples (Carollo
et al. 2013; Damjanov et al. 2015a; Tortora et al. 2016;
Charbonnier et al. 2017). These studies confirm that
compact systems experience at most a moderate change
in number density from z . 1 to z ∼ 0. Although
some compact systems may grow, new massive quies-
cent compact galaxies may also form at z < 1 (Zahid
et al. 2016). Dense spectroscopic surveys (e.g., Dam-
janov et al. 2018) at intermediate-redshift show that
massive compact galaxies are the extension of a con-
tinuum of structural, stellar population, dynamical, and
environmental properties that characterize the full qui-
escent population (Damjanov et al. 2015b; Zahid et al.
2016). In combination with their large stellar mass, mild
number density evolution of massive compacts suggests
that processes driving the evolution in size of individual
systems and/or the growth in the average size of quies-
cent population may depend on galaxy stellar mass.
Evolutionary trends in 1) the parameters that define
the quiescent galaxy size – stellar mass relation, and
2) the number density of quiescent systems provide con-
straints on models of galaxy mass assembly. Theoretical
models of individual galaxy size growth include the ef-
fects of 1) major mergers between gas-poor galaxies of
similar stellar mass, 2) minor merger or accretion of low
surface brightness objects, and 3) adiabatic expansion
after significant mass loss (e.g., Hopkins et al. 2010a).
Comparison between the observed properties of z & 1
and local quiescent systems suggest that minor mergers
dominate size growth of quiescent galaxies (White et al.
2007; Bezanson et al. 2009; Newman et al. 2012; McLure
et al. 2013; van de Sande et al. 2013). For stellar masses
M∗ < 1011M the growth is further altered by the addi-
tion of larger newly quenched galaxies at z < 1 (Carollo
et al. 2013; Fagioli et al. 2016). The most massive galax-
ies (M∗ > 1011M) become quiescent at earlier epochs
(downsizing, Cowie et al. 1996).
The stellar population age (e.g., Belli et al. 2015; Fa-
gioli et al. 2016) provides an additional powerful con-
straint on the evolutionary processes affecting the qui-
escent population. The age of the stellar population cor-
relates with the structural properties and stellar masses
of quiescent galaxies at z ∼ 0: at fixed stellar mass older
quiescent systems are smaller (Zahid & Geller 2017).
The spectral indicator Dn4000 (e.g, Kauffmann et al.
2003) provides a convenient measure of the quiescent
population age. Complete redshift surveys that include
Dn4000 thus enable selection and investigation of sys-
tems that become quiescent at the high redshift limit
of the survey and evolve over the redshift range of the
survey.
Analysis of the relations between quiescent galaxy
size growth and the processes that drive it requires
a combination of large-area high-quality imaging and
dense spectroscopy. Here we trace quiescent galaxy
size evolution for redshifts 0.1 6 z 6 0.6 as a func-
tion of galaxy stellar mass and average stellar popu-
lation age measured by the Dn4000 index). In Sec-
tion 2 we review the intermediate-redshift spectroscopic
survey (SHELS, Geller et al. 2014) and the associ-
ated HSC high-resolution imaging (Utsumi et al. 2016).
Section 3 describes the measurement of galaxy sizes
and the distribution of sizes as a function of red-
shift and stellar mass. We then explore the relations
among average age, stellar mass, and size of quies-
cent systems (Section 4) and extract evolutionary con-
straints on the size growth of quiescent galaxies (Sec-
tion 5). We discuss the results in Section 6 and con-
clude in Section 7. We adopt the standard cosmology
(H0, Ωm, ΩΛ) = (70 km s
−1 Mpc−1, 0.3, 0.7) and AB
magnitudes throughout. We use the Chabrier (2003) ini-
tial mass function (IMF) in computing stellar masses.
2. DATASET
2.1. HSC Imaging
We measure galaxy sizes using Subaru Hyper
Suprime-Cam (HSC; Miyazaki et al. 2012) i-band im-
ages of the 2 × 2 deg2 region covering the Deep Lens
Survey (DLS) (Wittman et al. 2002) field F2: (αc, δc) =
(9h18m0s,+30◦00′00”). Utsumi et al. (2016) describe
the HSC observing procedure and image processing in
detail; we provide a short summary here.
The F2 HSC image includes 18 pointings each with a
240 second exposure. The pointings overlap and extend
beyond the 4 deg2 footprint of the F2 field to yield uni-
form depth (see Figure 1 in Utsumi et al. 2016). Galaxy
number counts show that the HSC F2 image provides
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a complete catalog of extended sources to a limiting
i−band magnitude of i ∼ 25. The typical seeing full
with at half maximum (FWHM) is ∼ 0.′′6.
The hscPipe system (Bosch et al. 2018) is the stan-
dard pipeline, developed for the HSC Subaru Strategic
Program (SSP), that performs reduction of individual
chips, mosaicking, and image stacking. We use the SEx-
tractor software (Bertin & Arnouts 1996) to measure
photometric parameters, that include galaxy half-light
radius, ellipticity, and Se´rsic index, from stacked HSC
images. These parameters are based on two-dimensional
(2D) modelling of the galaxy surface brightness profile
following a three-step process: a) in its first run SEx-
tractor provides a catalog of sources that includes star-
galaxy separation; b) the PSFex software (Bertin 2011)
combines point sources from the initial SExtractor cat-
alog to construct a set of spatially varying Point Spread
Functions (PSFs) that are used as input parameters for
c) the second SExtractor run to provide a catalog with
morphological parameters for all detected sources.
Here we employ single Se´rsic profile models (Se´rsic
1968) to estimate the sizes of the SHELS F2 galaxies.
This approach enables the use of existing catalogs (based
on lower-resolution and less sensitive imaging) for input
parameter values and for estimation of external errors in
the parameters we obtain with SExtractor (Section 3).
2.2. SHELS spectroscopy
DLS imaging provided the photometric catalog for the
complete redshift survey of the F2 field (SHELS, Geller
et al. 2014) carried out with the Hectospec wide-field
multi-object spectrograph mounted on the MMT. The
redshift survey is 95% complete to a limiting magnitude
R = 20.6 and it covers 3.98 deg2.
Geller et al. (2014) provide detailed description of the
SHELS F2 spectroscopy. Here we briefly quantify the
galaxy sample and describe the spectro-photometric pa-
rameters from Geller et al. (2014) that we use in our
analysis.
The complete SHELS F2 sample includes 13327 galax-
ies with Rmag ≤ 20.6. The Dn4000 index is the ratio of
flux (in fν units) in the 4000−4100A˚ and 3850−3950A˚
bands (Balogh et al. 1999). The median signal-to-noise
ratio (S/N) of SHELS F2 spectra around 4000 A˚ is
∼ 6 per resolution element and 90% of galaxies have
∼ 3 < S/N < 15 per resolution element. Geller et al.
(2014) report the Dn4000 index and stellar mass mea-
surements for 10730 galaxies in this sample (& 80%).
For the SHELS data, the typical fractional error in the
Dn4000 (based on 1468 repeat measurements) is 4.5%.
The strength of the 4000 A˚ break is smaller for systems
dominated by young stellar populations and it increases
with the stellar population age. Large spectroscopic sur-
veys demonstrate that the Dn4000 index distribution is
strongly bimodal, with a clear division between quies-
cent and star-forming galaxies at Dn4000 ∼ 1.5 (Kauff-
mann et al. 2003; Vergani et al. 2008; Woods et al. 2010;
Geller et al. 2014; Damjanov et al. 2018). Following
Woods et al. (2010) we use Dn4000 = 1.5 as the divid-
ing line between the two populations.
We check whether the results could be biased by
the Dn4000 selection. We emphasize that Dn4000 is
a powerful evolutionary marker because it is insensitive
to reddening and, in contrast with galaxy colors, does
not require a K−correction. Quiescent galaxy selection
based on the spectral index cut (Dn4000 > 1.5) agrees
well with rest-frame UV J color selection based on fit-
ting of SEDs obtained from 30 photometric bands in
the 0.15− 24µm wavelength range (hCOSMOS, Dam-
janov et al. 2018). Furthermore, hCOSMOS galaxies
with Dn4000 > 1.5 follow the tight relation between
size, velocity dispersion, and stellar mass surface den-
sity (so-called Fundamental Plane, Zahid et al. 2016).
In the parameter space defined by model-independent
diagnostics of galaxy morphology (asymmetry, concen-
tration, Gini coefficient, and second-order moment of
the brightest 20% of galaxy pixels) the majority of
1.5 < Dn4000 < 1.6 hCOSMOS galaxies (∼ 70%) oc-
cupy the same regions as elliptical and bulge-dominated
galaxies classified by the Zurich Estimator of Structural
Types (ZEST, Scarlata et al. 2007). For Dn4000 > 1.6
hCOSMOS galaxies the overlap with ZEST-selected el-
liptical and bulge-dominated galaxies is ∼ 90%. When
we repeat the analysis of F2-HSC galaxy sample using
the f16Dn4000 > 1.6 quiescent selection our results are
robust to this upward shift in the spectral index cut.
Stellar masses of SHELS F2 galaxies are based on
SDSS five band photometry. Geller et al. (2014) fit the
observed photometry with Le Phare1 (Arnouts et al.
1999; Ilbert et al. 2006) using the stellar population syn-
thesis models of Bruzual & Charlot (2003) with Chabrier
(2003) IMF, two metallicites (0.4 and 1 solar), a set
of exponentially decreasing star formation rates, and
Calzetti et al. (2000) extinction law. The best-fit mod-
els provide the mass-to-light ratio, a scaling factor that
transforms the observed luminosity into the galaxy stel-
lar mass (i.e., its current living stellar mass).
3. HSC SIZES
3.1. Method
We obtain morphological parameters by fitting the ra-
dial dependence of the galaxy surface brightness with
1 http://www.cfht.hawaii.edu/$\sim$arnouts/LEPHARE/
cfht_lephare/lephare.html
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Figure 1. Upper panels: Comparison between 4999 repeat
angular size measurements (re×
√
b/a) for F2-HSC galaxies.
Lower panels: Comparison between HSC and NYUVAG an-
gular sizes for 796 SHELS F2 galaxies. The left-hand panels
compare individual measurements. The right-hand panels
show histograms of relative differences. Values on x−axis
correspond to the differences between two size measurements
(∆) as a fraction of the size listed in Table 1; in the lower
right-hand panel ∆ = SizeHSC − SizeNYU. The legend in-
dicates the mean relative offset and the error in the offset.
the intensity model in the HSC i− band:
I(r) = I0 exp
{
−bn
(
r
re
)1/n}
(1)
(Se´rsic 1968). The free parameters of this model are: the
central intensity (surface brightness) I0, the half-light
radius along the galaxy major axis re (in arcseconds),
and the Se´rsic index n that describes the concentration
of the model profile. The coefficient bn, a function of n,
is defined to ensure that re encloses the half of the total
galaxy light.
The surface brightness profile fitting routine is part of
the SExtractor software2 (Section 2.1 Bertin & Arnouts
1996). SExtractor fits radial profiles of extended sources
in the HSC image with a surface brightness model (based
on Se´rsic profile, Eq. 1) convolved with the local PSF
provided by the PSFEx software3 (Bertin 2011). The
2 http://sextractor.readthedocs.io/en/latest/Model.html
3 http://psfex.readthedocs.io/en/latest/Working.html
PSF model at the position of an extended source is a
linear combination of basic vectors that best fits the ob-
served point source profiles in the vicinity of that posi-
tion.
Within the SPHEROID model, the SExtractor fitting
procedure provides a list of measurements including
the Se´rsic profile parameters (Eq. 1) and the best-
fit model axial ratio b/a (SExtractor model parame-
ter SPHEROID ASPECT WORLD). We derive the angular di-
ameter distance at the spectroscopic redshift of each
galaxy to translate the galaxy angular size re (SExtrac-
tor model parameter SPHEROID SCALE WORLD) into the
major axis radius Re in kpc (e.g., Hogg 1999, and refer-
ences therein). To comply with the size measurements
in the literature, we further combine the half-light ra-
dius Re with the axial ratio to derive the circularized
half-light radius Re,c = Re ×
√
b/a.
We obtain structural parameters for 12823 SHELS F2
galaxies with Rmag ≤ 20.6. To combine the HSC pho-
tometry with the spectroscopy we require that the sepa-
ration between the best-matched photometric and spec-
troscopic target positions are less than the HSC imag-
ing resolution (0.′′6). Table 1 lists the half-light radii
re and axial ratios b/a for all 12823 galaxies with mea-
sured sizes in the magnitude limited SHELS F2 sample
(10515 galaxies also have stellar mass and Dn4000 index
measurements).
A number of SHELS F2 sources have more than one
size measurement within 0.′′6 because they are in regions
where multiple HSC pointings overlap (as shown in Fig-
ure 1 of Utsumi et al. 2016). These repeat measure-
ments provide a unique opportunity to estimate the size
measurement error independent of the statistical error
in the individual fits. We compare these 4999 repeat
measurements (upper panels of Figure 1) and calculate
the typical relative internal error, σint = 5%, by requir-
ing that 68% of the measurement differences are within√
2σint.
We also compare two independent size measurements
for a subsample of SHELS F2 galaxies (lower panels
of Figure 1). The NYU Value-added Galaxy Cata-
log (NYUVAGC, Blanton et al. 2005; Padmanabhan
et al. 2008) provides SDSS-based size measurements
in ugriz bands for 796 SHELS F2 galaxies. These
measurements are based on the Se´rsic profile fits to
the observed azimuthally averaged galaxy radial pro-
files4. We directly compare i band-based NYUVAGC
sizes5 with the HSC measurements of circularized an-
4 NYUVAGC i−band size measurements are consistent with
HST F814W-based measurements for galaxies in the COSMOS
field (Zahid et al. 2016).
5 reported in SERSIC R50 column of the catalog
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Figure 2. Relative difference between multiple size measurements for 4999 F2-HSC galaxies as a function of galaxy stellar
mass (left panel), redshift (central panel), and measured size (right panel). Green color maps in each panel show 2D density
histograms that we smooth using a Gaussian kernel density estimator with bandwidth determined by the standard Scott’s rule
(Scott 2015). Colored contours correspond to 5− 95% of the maximum density. Black lines connect median relative size offsets
in equally populated bins of galaxy stellar mass, redshift, and size. Errors are bootstrapped.
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Figure 3. Major axis radius as a function of redshift. Points
are color-coded by Dn4000. The black solid line shows the
redshift-dependent limit on the major axis radius measure-
ment set by the seeing. The points below the line correspond
to galaxy sizes that are smaller than the seeing-defined limit
gular radii. Except for a small number of outliers with
sizes far below the limiting resolution of SDSS imaging
(log(NYUVAGC angular size) . −1), the two size esti-
mates agree remarkably well. The average relative size
difference is marginally consistent (within ∼ 2σ) with
no offset between the two measurements (lower right
panel of Figure 1). Assuming an equal division of errors
between SDSS- and HSC-based size measurements, a re-
quirement that 68% of the measurement differences are
within
√
2σext provides a typical relative external error
estimate of 10%.
Regions of the F2 field that are imaged multiple times
in HSC enable us uniquely not only to estimate internal
errors on size measurements, but also to probe some of
the biases that might affect these measurements (e.g.,
Faisst et al. 2017, and references therein). We use F2-
HSC sources with multiple size measurements to test
whether the estimated internal error shows any trends
with galaxy properties. Relative size differences between
multiple measurements are confined to ±25% for the full
range of galaxy stellar masses, redshifts, and sizes (col-
ored contours in three panels of Figure 2). Even more
important for this analysis, the median size offset (black
solid lines with error bars in Figure 2) is consistent with
zero (within 1−2σ uncertainty) in all equally populated
bins for all three galaxy parameters. Thus we conclude
that the F2-HSC size measurements do not exhibit any
systematics with galaxy stellar mass, redshift, or size.
We emphasize that only the relative sizes (i.e., change is
size) are important in the size growth analysis; Figure 2
shows that the relative size measurements are robust.
In addition to the relative internal and external error
estimates, we use 991 Hectospec stellar spectra in the F2
field to estimate a lower limit on the size measurements.
Almost all of stars in this sample (886 or ∼ 90%) are
detected in the HSC image and have associated “size”
measurements. The median radius measured along the
major axis of the best-fit Se´rsic profiles for 90% these
stars (after exclusion of & 1.′′5 outliers that are all sat-
urated stars) is 0.′′12. We use this angular size as the
lower limit on radius measurements along the Se´rsic pro-
file major axis for the sample galaxies.
Figure 3 shows the redshift distribution of measured
major axis radii in physical units (colored circles). As
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expected, redshift ranges containing prominent galaxy
overdensities (e.g., at z ∼ 0.3) show the broadest range
of measured radii. Transformation of the angular size
limit of 0.′′12 into physical units is a function of redshift
(black solid line in Figure 4), and ∼ 0.7% of F2-HSC
galaxies have size measurements below this limit. In the
quiescent sample we analyze in Sections 4 and 5 ∼ 1%
(39) of galaxies have size measurements below the limit
set by stellar surface brightness profiles. Images of these
objects show compact galaxy profiles. The exclusion of
this very small fraction of objects does not change our
results; we continue to use all size measurements in our
analysis.
Table 1. Structural Prooperties of F2-HSC Galaxies
SHELS ID Rmag zspec re [
′′] b/a
(1) (2) (3) (4) (5)
138.7221239+30.9168767 18.508±0.001 0.39824±0.00009 1.675±0.010 0.725±0.003
138.7334206+30.9311798 19.972±0.003 0.33800±0.00025 1.040±0.009 0.744±0.007
138.7119248+30.9047620 18.945±0.002 0.27294±0.00013 1.44±0.01 0.855±0.005
138.7169235+30.9454838 20.262±0.004 0.34122±0.00010 0.867±0.007 0.956±0.009
138.7369170+30.9735458 19.407±0.002 0.30834±0.00014 1.207±0.002 0.301±0.005
· · · · · · · · · · · · · · ·
Note—This table is available in its entirety in a machine-readable form in the online journal. A
portion is shown here for guidance regarding its form and content.
3.2. Completeness
To examine the completeness of the spectro-
photometric sample, we first calculate the fraction of
SHELS F2 galaxies with size measurements in bins of
their R−band magnitude (left panel of Figure 4). For
the Rmag < 20.6 sample the differential completeness is
consistently high (& 92%). The SHELS F2 sample is
> 90% complete in almost every (89%) 6′ × 6′ spatial
bin of the F2 field footprint (the right panel of Figure 4).
Figure 5 shows (in red) the redshift distribution of the
size measurement completeness (defined as the fraction
of SHELS F2 galaxies with HSC-based sizes). Figure 3
shows that the range of size measurements is not biased
by the local galaxy number density. Comparison with
the redshift distribution of SHELS F2 galaxies (black
histogram of Figure 5, normalized to one in the most
populated redshift bin) confirms that the fraction of
galaxies with measured sizes is independent of structure
in the F2 field. A small number of redshift bins where
the size measurement completeness falls below 90% are
concentrated near the redshift limit of the survey where
the number of spectroscopic targets declines sharply and
and thus a small number of galaxies with missing sizes
represents a large fraction of galaxies in the redshift bin.
To select redshift bins that minimize the impact of pe-
culiar velocities associated with dense structures in F2,
we apply a friends-of-friends (FoF) algorithm to identify
the densest regions (Sohn et al. 2018, and the references
therein). We adopt a standard FoF approach that con-
nects neighboring galaxies with projected spatial and
radial separation less than the specified values (Huchra
& Geller 1982; Geller & Huchra 1983). The projected
separation between two galaxies is ∆Dij = tan(θij)(Dij)
where θij is the angular separation of the pair and Dij
is the average comoving distance to the pair. The ra-
dial comoving separation is (∆Vij = |Dc,i −Dc,j |) where
Dc,i and Dc,j are the comoving distances to the individ-
ual galaxies.
At the median redshift of the survey, z = 0.31, the
fiducial average projected separation of galaxies in the
F2 spectroscopic sample is 4.7 Mpc. The average pro-
jected separation is a function of redshift primarily as a
result of the magnitude limit. At each redshift we take
the limiting pairwise projected separation, ∆Dij , equal
to 0.1 of the average projected separation of galaxies
at that redshift; we take ∆Vij = 5 × ∆Dij . This pro-
cedure yields centers of FoF systems. Here, we con-
sider only rich systems with more than 10 FoF members
systems in a cylinder of radius Rcl = 2 Mpc and ex-
tent |∆(cz)/(1 + zcl)| < 1500 km s−1 centered on the
FoF position in redshift space. We use the resulting
redshift distribution of F2 clusters and their members
(blue smooth histogram in Figure 5) only to select the
positions and widths of intervals for the investigation of
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Figure 4. Completeness of the SHELS F2 HSC survey in size measurements. Differential completeness as a function of R−band
magnitude for Rmag < 20.6 F2 galaxies (left). Spectroscopic completeness in 6
′ × 6′ bins for SHELS F2 HSC galaxies with
Rmag < 20.6 (right). Black points show F2 galaxies without an HSC size measurement.
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Figure 5. Redshift distribution of SHELS F2 galaxies (black
histogram) and the fraction of galaxies with size measure-
ments in each redshift bin (red points and line). Blue peaks
show the distribution of overdensities in the F2 field based
on an FoF algorithm (Sohn et al. 2018, see text for details).
evolutionary trends in Section 5.3. The distribution of
clusters is normalized to one at) the peak of distribu-
tion (z ∼ 0.3). We smooth the distribution of overden-
sities using a Gaussian kernel with standard deviation
σz ∼ 0.003.
Some HSC extended objects lack a spectrum. For
these objects, we first estimate the i− band magnitude
corresponding to the limiting R−band magnitude of the
spectroscopic sample (Rlim = 20.6). Following the pro-
cedure outlined in Section 2.1. of Geller et al. (2016),
we fit the i−band magnitudes of F2 galaxies in the HSC
images (SExtractor parameter MAG AUTO) with a linear
combination of their R−band magnitude and Sloan r−i
colors. The zero-point of the resulting relation gives
ilim ≈ Rlim − 0.18. To this limiting i−band magnitude
there are ∼ 6800 HSC objects without a a spectrum and
within the total footprint of the F2 field.
Visual inspection shows that most of these objects are
saturated stars. Less than 25% (∼ 1500) of HSC ob-
jects without spectra appear extended. Half of these
extended objects are in Geller et al. (2014) either as
galaxies without a spectrum or as galaxies with a spec-
trum but fainter than the F2 spectroscopic completeness
limit (R > 20.6). The remaining ∼ 750 extended objects
without spectroscopic counterparts are located either at
the edges of the F2 field, where the spectroscopic sur-
vey becomes sparse, or in the masked regions listed in
Table 1 of Geller et al. (2014). These regions of the F2
field are masked because the DLS photometry in those
regions is unreliable. The fraction of the F2-HSC pho-
tometric sample with ilim ∼ 20.42 (≈ Rlim = 20.6) and
without a spectra in the complete (unmasked) region of
the F2 field is negligible.
3.3. The Size Distribution
Measurements based on imaging in broad-band filters
ranging from the visible to near-infrared show that the
size distributions of star forming and quiescent galaxies
differ over a broad redshift range (e.g., Franx et al. 2008;
Williams et al. 2010; Wuyts et al. 2011; van der Wel et al.
2014; Allen et al. 2015; Straatman et al. 2015; Yano et al.
2016; Brennan et al. 2016; Faisst et al. 2017; Haines
et al. 2017; Gu et al. 2018). For log(M∗/M) > 10 and
at 0 < z . 3 star forming galaxies appear larger than
quiescent systems matched in stellar mass.
The F2-HSC sample probes this difference as a func-
tion of stellar mass and redshift. We select star forming
and quiescent galaxies based on the spectroscopic indi-
cator Dn4000. (Section 2.2) and map the distribution
of their sizes (measured along major axis) onto a stellar
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Figure 6. Distribution of major axis radii for quiescent (red histograms) and star-forming (blue histograms) SHELS F2 galaxies
in bins of redshift and stellar mass. We select redshift bins to encompass similar volumes (except for the first and the last
redshift bin) and to include the large structures in the field. Panels with a white background represent redshift intervals where
the F2-HSC sample is complete for > 85% of the corresponding mass range.
mass - redshift grid (Figure 6).
The magnitude limit restricts the number of popu-
lated bins and the completeness of both star forming
and quiescent subsamples in each bin (see Section 4.1
for more details on the limiting mass for the quiescent
subsample). The distributions of sizes for star form-
ing (blue histograms in Figure 6) and quiescent systems
(red histograms in Figure 6) in the redshift bins that are
> 85% mass complete (panels with white background in
Figure 6)6 show the same qualitative trend: star form-
ing galaxies are on average larger than quiescent systems
of the same mass. This trend remains if we replace the
radius along major axis Re with the circularized radius
Re,c.
6 In Section 4.1 we derive redshift-dependent mass limit for
the mass-complete quiescent F2-HSC sample. Dominated by old
stellar populations, quiescent galaxies have higher mass-to-light
ratios than the star forming systems (e.g, von der Linden et al.
2010; Ilbert et al. 2013; Geller et al. 2014). Thus the red dashed
line in Figure 7 represents the limiting stellar mass as a function of
redshift for a mass-complete sample of quiescent and star forming
galaxies in the field.
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Samples of massive galaxies (log(M∗/M) > 10) at
0 < z < 3, divided into broad redshift intervals of
∆z = 0.5, display a stark difference in size distribu-
tions between the star-forming and quiescent popula-
tions with similar stellar masses (e.g., van der Wel et al.
2014). For 0.1 < z < 0.6 the F2-HSC survey di-
vided into ∆ log(M∗/M) = 0.5 stellar mass bins and
∆z ∼ 0.1 redshift bins, star forming systems span a nar-
rower range of sizes and have, on average, more extended
surface brightness profiles than their massive quiescent
counterparts.
4. PROPERTIES OF THE QUIESCENT
POPULATION
We focus on 4210 F2-HSC quiescent galaxies (i.e with
Dn4000 > 1.5). Based on the limiting stellar mass as
a function of redshift (Section 4.1) we select redshift-
dependent mass-complete quiescent samples and inves-
tigate the relationships among stellar mass, size, and
the stellar population age as indicated by Dn4000 (Sec-
tion 4.2). We use these data along with the complete
redshift survey to trace evolutionary trends for quies-
cent galaxies as a function of stellar mass, size, and stel-
lar population age (Section 5).
4.1. Stellar Mass Limit
In magnitude limited samples like SHELS F2 the lim-
iting stellar mass where the galaxy sample is complete
reflects the observable distribution of absolute magni-
tudes as a function of redshift. The upper panel of Fig-
ure 7 shows the absolute R−band magnitude as a func-
tion of redshift for F2-HSC galaxies with Dn4000 > 1.5.
We determine the K−corrected magnitudes using the
SDSS ugriz photometry and the kcorrect code (Blan-
ton & Roweis 2007). The red dashed line (upper panel)
traces the limiting absolute magnitude (K−corrected to
the approximate mean redshift z ∼ 0.35 of the quies-
cent F2 sample), 0.35MR,lim, as a function of measured
redshift:
0.35MR,lim = mR,lim − 5 log
(
DL(z)
10 pc
)
−K(z), (2)
where mR,lim = 20.6 mag is the limiting apparent mag-
nitude for the complete sample, DL(z) is the luminos-
ity distance, and K(z) is the average K correction (to
z = 0.35) for quiescent (Dn4000 > 1.5) galaxies as a
function of galaxy redshift. A combination of photomet-
ric errors and a large scatter around the average K cor-
rection results in a small fraction of quiescent galaxies
(288, ∼ 6%) that fall below the calculated absolute mag-
nitude limit.
In the lower panel of Figure 7 we show the distribution
of stellar masses as a function of redshift. We trans-
form the magnitude limit 0.35MR,lim into the galaxy
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Figure 7. K−corrected absolute R-band magnitude versus
redshift (top) and stellar mass versus redshift (bottom). The
points show the F2 quiescent galaxies. The red curves show
the redshift dependence of the limiting absolute magnitude
(top) and galaxy stellar mass (bottom) corresponding to the
magnitude limit of the survey (Rlim = 20.6).
stellar mass limit M∗,lim (red dashed line in the lower
panel) using the mass-to-light ratio (M/L)R ∼ 2 based
on the approximately constant (M/L)R value for quies-
cent (Dn4000 > 1.5) systems in the SHELS F2 galaxy
sample (see Figure 12 of Geller et al. 2014). Eighty-eight
quiescent galaxies (< 2% of the complete quiescent sam-
ple) lie below the calculated stellar mass limit as a result
of photometric errors.
Figure 8 compares the evolution in number density
of the F2-HSC quiescent sample with the abundances
of quiescent galaxies in the 5.5 deg2 (distributed over
five separate fields) grism survey, PRIMUS (Coil et al.
2011; Moustakas et al. 2013). The quiescent PRIMUS
sample is selected based on galaxy position in the star-
formation rate vs. stellar mass diagram. Although
the quiescent sample selection criteria are not identi-
cal, differences between the number densities in the F2-
HSC and PRIMUS samples are small; the densities are
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Figure 8. Number density of quiescent galaxies (red symbols) as a function of redshift in bins of stellar mass compared with
the number density evolution of galaxies in the PRIMUS survey (Moustakas et al. 2013, black simbols). In the white area the
quiescent F2-HSC sample is > 99% complete at the lower stellar mass limit of the bin (see the lower panel of Figure 7).
within ±2σ for essentially all mass bins and at all red-
shifts. The only significant difference occurs for galaxies
with 10 < log(M∗/M) < 10.5 in the redshift interval
0.2 < z < 0.3. The upper limit of this redshift interval,
z ∼ 0.3, is at the completeness limit for F2 galaxies with
lower stellar masses (down to log(M∗/M) = 10, Fig-
ure 7). Furthermore, the 0.2 < z < 0.3 redshift range
includes a large void at z ∼ 0.25 (Figure 5, see also
Figure 6 of Geller et al. 2014). Based on the median
redshift transverse length, aspect ratio, and the median
radial depth of the survey (Driver & Robotham 2010),
the expected cosmic variance for the F2 field is 10%
(Geller et al. 2016). The overall similarity between the
F2 and PRIMUS surveys in Figure 8 demonstrates that
F2 is large enough to measure quiescent galaxy number
densities that are insensitive to cosmic variance at the
level relevant for this study.
4.2. Size – Stellar Mass – Dn4000 Correlation
The size distribution of quiescent galaxies depends
strongly on galaxy stellar mass (red histograms in Fig-
ure 6). Figure 9 shows quiescent galaxies in stellar mass
- galaxy size space. The four intervals correspond to
similar lookback time intervals. For each subsample of
quiescent galaxies, we trace the median galaxy sizes in
equally populated stellar mass bins (error bars in Fig-
ure 9) and in intervals that include the central 68% of
the population in each mass bin (broken dashed lines in
Figure 9). We analyze only the complete mass bins (i.e.,
white regions in the plot).
Table 2 lists the parameters defining the rela-
tion Re[kpc] = A ×
(
M∗/1011M
)α
that best de-
scribes median trend (black dashed lines in Fig-
ure 9; we fit the relation using Python function
scipy.optimize.curve fit). Our normalization of the
size – stellar mass relation (median size of an M∗ =
1011M galaxy) ensures that the corresponding mass
bins are populated across the redshift range that we
probe (0.1 < z < 0.6). To fit the size – stellar mass
relation for 0.16 < z < 0.26 we exclude galaxies with
stellar mass M∗ . 2 × 1010M, (van der Wel et al.
2014, grey error bars and grey dashed lines in the first
panel of Figure 9) where the relation flattens as a result
of observational selection.
The size – stellar mass relation in Figure 9 confirms
known trends: a) the slope of the linear relation in log-
log space (α) remains constant (within ±2σ ) over the
full redshift interval 0.16 < z < 0.65 and b) the zero
point of the relation (A) shifts to smaller median sizes
for M∗ = 1011M quiescent systems as the redshift in-
creases. The form of the size – stellar mass relation
depends on the range of stellar masses, errors in the size
and stellar mass measurements, the resolution of the
images, surface brightness selection effects, the imaging
rest-frame wavelength, and the range of galaxy environ-
ments (e.g, Lange et al. 2015; Sweet et al. 2017). Nev-
ertheless, the F2-HSC relations are fully consistent with
the slope parameters derived for similarly selected qui-
escent galaxy samples (0 < z < 1, van der Wel et al.
2014)7, in the local universe (SDSS sample, Guo et al.
2009), and at higher redshifts (1 < z < 1.5, Newman
et al. 2012).
The extensive spectroscopy provides the age indicator
7 van der Wel et al. (2014) derive the stellar mass – size relation
using radii along the galaxy major axis. With the same size def-
inition, the relation for F2-HSC quiescent galaxies has a slope α
that ranges from 0.60± 0.05 for 0.16 < z < 0.26 to 0.84± 0.03 for
0.36 < z < 0.48, and is (within ±2σ) consistent with the results
for the 3D-HST/CANDLES sample at z ∼ 0.25
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Figure 9. Median circularized half-light radius as a function of stellar mass and Dn4000 for the quiescent F2-HSC galaxies in
four similar lookback time intervals. The dot color indicates the median Dn4000 in the bin. The dot size is normalized to the
typical bootstrapped error for the median size in each redshift interval. The legend gives the value of the typical error in the
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values are bootstrapped. The region between the broken dashed lines shows the intrinsic scatter and includes 68% of the sample
in each mass bin. The central black dashed line traces the best-fit linear relation between stellar mass and size. The gray error
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in the stellar mass range where the relation between stellar mass and size flattens. We exclude these points from the fit.
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Dn4000 which is an additional dimension for exploring
the formation history of the quiescent population. As in
Zahid & Geller (2017), for each redshift range in Figure 9
we segregate objects into ten equally populated stellar
mass bins and divide these bins further into five equally
populated bins in Dn4000. For every bin we compute
the median galaxy size (circularized half-light radius)
and bootstrap the errors.
Quiescent galaxies in the local volume covered by the
SDSS have decreasing size with increasing average stel-
lar population age at each stellar mass (Zahid & Geller
2017, see also Wu et al. 2018). The F2-HSC quiescent
sample is an order of magnitude smaller than the lo-
cal SDSS sample. However, Figure 9 demonstrates that
the anti-correlation between quiescent galaxy size and
Dn4000 index is present at intermediate redshift. The
median size (normalized by stellar mass) decreases with
increasing Dn4000 over the redshift range 0.16 < z <
0.48 for stellar masses M∗ . 1011M. Sparse sampling
at z > 0.48 over a narrow stellar mass range precludes
extension of the relation to greater redshift. As in the
local universe, the size–stellar mass relations are essen-
tially parallel as a function of Dn4000 (straight dashed
black lines in Figures 9) in the most populated redshift
intervals (second and third panel of Figure 9). This
self-similarity is important for characterizing quiescent
galaxies selected at fixed size or at sizes normalized by
the trend with stellar mass (Section 5.3).
Quiescent F2-HSC galaxies share global properties
with other samples of similarly massive quiescent galax-
ies at 0 . z . 1 (Section 4). The number densities are
approximately redshift independent for M∗ > 1010M
quiescent galaxies. The slope of the mass-size rela-
tion is also constant (α ∼ 0.85). However, the zero
point (i.e., the average size of a quiescent galaxy with
M∗ = 1011M) increases by ∼ 45% between z ∼ 0.55
and z ∼ 0.2. The anti-correlation between quiescent
galaxy size and its Dn4000 (a proxy for average stellar
population age) at constant stellar mass extends from
z ∼ 0 to z ∼ 0.5. The results complement analyses of
quiescent galaxy evolution based on the SDSS and on
samples at greater redshift.
Table 2. Best-fit Parameters of the Quiescent Galaxy Size – Stellar Mass Relation:
Re,c[kpc] = A×
(
M∗
1011M
)α
Redshift range Stellar mass rangea log(A) α
(1) (2) (3) (4)
0.16 < z < 0.26 10.24 < log(M∗/M) < 11.6b 0.65± 0.02 0.79± 0.05
0.26 < z < 0.36 10.24 < log(M∗/M) < 12.17 0.58± 0.02 0.90± 0.04
0.36 < z < 0.48 10.62 < log(M∗/M) < 11.97 0.506± 0.007 0.87± 0.03
0.48 < z < 0.65 10.96 < log(M∗/M) < 12.11 0.49± 0.03 0.70± 0.09
Note—
aThe lower-mass limit is the mass completeness limit at the upper limit of the redshift
range (lower panel in Figure 7).
bThe lower-mass limit eliminates the stellar mass range where the size – stellar mass
relation flattens (e.g., van der Wel et al. 2014).
5. EVOLUTIONARY CONSTRAINTS 5.1. The Size–Mass Relation
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Figure 10. Redshift evolution of the median size for quiescent F2-HSC galaxies in three stellar mass bins. Filled circles and
associated numbers correspond to the median size, median lookback time (redshift), and the number of mass-selected quiescent
systems in time intervals of . 1 Gyr (described in more detail in the caption of Figure 17). The number of time/redshift
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its 95% confidence interval, respectively. Table 3 lists the median sizes and values of the parameters log(B) and β for the three
stellar mass intervals.
Table 3. Median size evolution of quiescent F2-HSC galaxiesa
Re = B × (1 + z)β
Stellar mass rangeb
[10− 10.5]M [10.5− 11]M [> 11]M
Redshift log(B) β log(B) β log(B) β
0.09–0.31 0.575± 0.008 −3.1± 0.1
0.09–0.44 0.68± 0.02 −2.5± 0.3
0.09–0.60 0.90± 0.02 −0.6± 0.2
log(R˜e [kpc])
Stellar mass range
Redshiftb [10− 10.5]M [10.5− 11]M [> 11]M
0.09–0.11 0.44± 0.07 · · · · · ·
0.11–0.20 0.38± 0.02 · · · · · ·
0.20–0.31 0.34± 0.04 · · · · · ·
0.09–0.13 · · · 0.68± 0.02 · · ·
0.13–0.22 · · · 0.65± 0.02 · · ·
Table 3 continued
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Figure 11. A: Redshift evolution of the median size for an M∗ = 5 × 1010M quiescent galaxy (black solid line) compared to
the median size evolution of 3D-HST galaxies of the same mass (gray solid line, van der Wel et al. 2014). B: Redshift evolution
of the median size for quiescent galaxies in three stellar mass bins; filled circles indicate F2-HSC galaxies and open squares
represent the 3D-HST sample. We account for systematics in stellar mass estimates by shifting the stellar masses of F2-HSC
galaxies to match the two curves in panel A at z = 0. Note the consistency of the two samples in panel A.
Table 3 (continued)
Re = B × (1 + z)β
Stellar mass rangeb
[10− 10.5]M [10.5− 11]M [> 11]M
Redshift log(B) β log(B) β log(B) β
0.09–0.31 0.575± 0.008 −3.1± 0.1
0.09–0.44 0.68± 0.02 −2.5± 0.3
0.09–0.60 0.90± 0.02 −0.6± 0.2
log(R˜e [kpc])
Stellar mass range
Redshiftb [10− 10.5]M [10.5− 11]M [> 11]M
0.22–0.32 · · · 0.54± 0.01 · · ·
0.32–0.44 · · · 0.46± 0.02 · · ·
0.09–0.14 · · · · · · 0.86± 0.06
0.14-0.23 · · · · · · 0.85± 0.03
0.23–0.34 · · · · · · 0.85± 0.02
0.34–0.46 · · · · · · 0.79± 0.01
Table 3 continued
Size evolution of quiescent F2-HSC galaxies 15
Table 3 (continued)
Re = B × (1 + z)β
Stellar mass rangeb
[10− 10.5]M [10.5− 11]M [> 11]M
Redshift log(B) β log(B) β log(B) β
0.09–0.31 0.575± 0.008 −3.1± 0.1
0.09–0.44 0.68± 0.02 −2.5± 0.3
0.09–0.60 0.90± 0.02 −0.6± 0.2
log(R˜e [kpc])
Stellar mass range
Redshiftb [10− 10.5]M [10.5− 11]M [> 11]M
0.46–0.60 · · · · · · 0.79± 0.02
Note—
aMedian sizes in this table correspond to the F2-HSC data in Figure 10 (filled circles). The parameters
log(B) and β describe best-fit relations between the half-light radius Re and redshift for quiescent
F2-HSC systems segregated by stellar mass.
bRedshift intervals correspond to . 1 Gyr time intervals; the highest redshift interval starts at the
completeness limit for each stellar mass range. These redshift/time intervals are equivalent to the
ones we describe in Section 6.2 and use in Figure 17.
For massive (M∗ > 1010M) quiescent galaxies, the
slope of the mass-size relation is constant for 0.1 < z <
0.6, but the normalization decreases significantly as the
redshift increases (Section 4.2, Figure 9). This change in
the size–mass relation zero point traces the evolution in
the typical (circularized) size of an M∗ = 1011M qui-
escent galaxy (Table 2). Using the size along the major
axis (Re) instead of Re,c does not alter the constancy of
the slope of the size – stellar mass relation. We mostly
follow trends in Re to make direct comparisons with re-
sults at higher redshifts. The results are independent of
the definition of galaxy size.
To explore the dependence of the size growth of qui-
escent galaxies on the stellar mass range, we divide the
F2-HSC quiescent sample into three stellar mass bins
spanning the 1010M ≤ M∗ . 8 × 1011M range.
For each subsample we calculate the median size (with
bootstrapped errors) in redshift bins that correspond
to lookback time intervals of . 1 Gyr starting from
the lookback time/redshift completeness limit for each
mass-segregated subsample (as described in Section 6.2).
Table 3 lists the redshift intervals and corresponding me-
dian sizes of the mass-selected quiescent galaxies.
The redshift evolution of a typical F2-HSC galaxy
size depends on its stellar mass (filled circles in Fig-
ure 10). The parameters of the Re = B × (1 + z)β re-
lation (listed in the top section of Table 3) confirm that
10 < log(M∗/M) < 10.5 galaxies grow most rapidly
in size: their growth rate over the redshift interval
0.1 < z . 0.3 is |β| ≡ |d log(Re)/d log(1+z)| = 3.1±0.1,
higher than the |β| values for more massive quiescent
systems (|β| = 2.5 ± 0.3 for 10.5 < log(M∗/M) < 11
and |β| = 0.6 ± 0.2 for M∗ > 1011M). The growth
rate of the least massive galaxies in our sample (10 <
log(M∗/M) < 10.5) is consistent (within ±2σ ) with
the |β| for 10.5 < log(M∗/M) < 11 quiescent galax-
ies. The most massive (M∗ > 1011M ) F2-HSC sys-
tems do grow significantly more slowly (. 25% over the
0.1 < z < 0.6 redshift interval) than the least massive
quiescent galaxies that increase their size by & 70% be-
tween z ∼ 0.3 and z ∼ 0.1. The difference between
growth rates for these two mass-selected quiescent sub-
samples is at ∼ 10σ level.
We match the zero point of the mass-size relation to
the median size of a M∗ = 5×1010M galaxy and com-
pare the exponential size growth of this fiducial galaxy
in the F2-HSC and 3D-HST (van der Wel et al. 2014)
surveys in Figure 11A. Because the two samples de-
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rive stellar masses using different methods, we apply
an offset of ∆[log(M∗/M)] = −0.11 dex to our stel-
lar mass estimates to match the Re(z = 0) points of
the two relations. We then examine the differences in
the trends in size with redshift. Although the F2-HSC
sample spans a very different redshift range than 3D-
HST, the exponents of the two Re − z relations agree
within ±(1 − 1.5)σ. The F2-HSC 0.1 < z < 0.6 sam-
ple thus confirms that the typical size of a 5× 1010M
quiescent galaxy evolves with redshift as log(Re) ∝
(1.5− 1.6)× log(1 + z).
The median sizes of mass-selected quiescent galaxies
at z ≥ 0.25 based on HST imaging (open squares in Fig-
ure 11B, van der Wel et al. 2014) also agree well with
the HSC-based results (filled circles in Figure 11B) in
the overlapping redshift interval (z ∼ 0.25) for galaxies
in the stellar mass range 1010M < M∗ < 1011M.
The most massive (11 < log(M∗/M) < 11.5) 3D-HST
galaxies at z < 0.5 have slightly smaller sizes than their
massive F2-HSC counterparts. The origin of this dis-
crepancy is probably the smaller volume probed by 3D-
HST at z < 0.5(Section 6.1). The largest galaxies are
rare and the volume of 3D-HST may be insufficient to
contain them.
To test the impact of survey volume on the number
and average size of the most massive quiescent galax-
ies we scale the number of massive (M∗ > 1011M)
galaxies in F2 to the number expected in 0.25 degree2
survey area (i.e., the total area of the 3D-HST sur-
vey, Momcheva et al. 2016). With the reduced area,
cosmic variance increases to 25% (Driver & Robotham
2010) and we include this factor in the absolute uncer-
tainty of the scaled massive galaxy counts (39±12). We
draw 10,000 samples of F2 galaxies with a total num-
ber of galaxies that (approximately) follows a Gaussian
distribution with µ = 39 and σ = 12. The median
value and [16, 85]% interval of the distribution of me-
dian sizes in the simulated massive galaxy samples -
log(Re[kpc]) = 0.88
+0.05
−0.04 - is within 1σ from the me-
dian size of M∗ > 1011M 3D-HST galaxies at z ∼ 0.25
(0.76 ± 0.09, van der Wel et al. 2014). Thus the small
volume of the 3D-HST survey at z < 0.5 completely ac-
counts for the difference between the median sizes of the
most massive intermediate-redshift galaxies in the two
surveys (green circles and green square at z = 0.25 in
Figure 11B).
The mass-dependence of the trends in size with red-
shift at z > 0.5 differs from the trends we observe at
lower redshift: more massive galaxies grow relatively
more rapidly at 0.5 < z < 3 (open squares in Fig-
ure 11B, van der Wel et al. 2014). The F2-HSC survey
shows that at intermediate redshift the more rapid size
growth shifts from the most massive (M∗ > 1011M) to
the least massive systems with M∗ ∼ 1010M. Over the
∼ 6 Gyr of lookback time (0.5 < z < 3) probed by the
3D-HST survey, the most massive galaxies grow quickly;
1010M < M∗ < 3 × 1010M galaxies expand only
moderately. In contrast, over the ∼ 5 Gyr of lookback
time (z < 0.5) probed by the F2-HSC quiescent sys-
tems with M∗ > 1011M grow slowly; the size growth
of 1010M < M∗ < 3 × 1010M galaxies accelerates.
In other words, size growth for 0.1 < z < 0.6 is not a
simple extrapolation of the growth observed at z & 0.5.
5.2. Dn4000
Relative to star forming systems, the size distribution
of quiescent F2-HSC galaxies is clearly offset towards
smaller average sizes for stellar masses M∗ < 1011M
at all redshifts where both the star forming and quies-
cent samples are complete (Section 3.3, Figure 6). To
further probe the relation between galaxy size and age
indicator Dn4000 , we investigate 1) size and 2) Dn4000
distributions for subsamples segregated by stellar mass
and redshift. We explore the sensitivity of the size dis-
tributions to Dn4000 in stellar mass bins as a function of
redshift. We then explore the sensitivity of the Dn4000
distributions in stellar mass and redshift bins to galaxy
size.
Quiescent M∗ < 1011M galaxies at z < 0.5 domi-
nated by younger stellar populations (1.5 <Dn4000 <
1.75, blue histograms in the second and third row of
Figure 12) are on average larger than similarly mas-
sive quiescent systems in the same redshift intervals
but with older stellar populations (Dn4000 > 1.75, red
histograms in the second and third row of Figure 12).
With very low p−values (. 10−3), both Kolmogorov-
Smirnov (K-S) and Anderson-Darling (A-D) 2-sample
tests confirm that in all stellar mass–redshift cells the
M∗ < 1011M size distributions of “young” and “old”
quiescent galaxies are not drawn from the same par-
ent distribution. Conversely, in only one redshift cell
containing the most massive (M∗ > 1011M) quies-
cent F2-HSC galaxies (0.44 < z < 0.51) K-S and A-
D tests provide p−values as low as ∼ 2 × 10−3. The
size distributions of the most massive quiescent sys-
tems (M∗ > 1011M) in all other redshift intervals with
z < 0.6 are consistent with being drawn from the same
underlying distribution in Dn4000.
Distributions of Dn4000 for quiescent systems in stel-
lar mass – redshift bins separated into pairs of subsam-
ples based on galaxy size relative to the median size
for their stellar mass range (Figure 13) confirms the re-
sults in Figure 12. At z < 0.5 and M∗ < 1011M
galaxies with smaller sizes (red histograms in Figure 13)
have on average higher Dn4000 (i.e., older stellar pop-
ulation) than more extended galaxies sharing the same
redshift and stellar mass bin (blue histograms in Fig-
ure 13). Statistical K-S and A-D tests confirm that pairs
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Figure 12. Distribution of major axis radii for quiescent F2-HSC galaxies segregated by redshift and stellar mass and further
divided into subsamples of low (blue histograms) and high (red histograms) Dn4000. We divide the samples at the median
Dn4000 for the parent sample. The redshift bins encompass similar volumes (except for the first and the last redshift bin) and
include large structures in the field. In each stellar mass bin (row) we show distributions only in the redshift intervals where
the F2-HSC sample is complete for > 85% of the mass range.
of Dn4000 distributions in stellar mass – redshift cells
with M∗ < 1011M do not originate from the same
parent population. For the massive (M∗ > 1011M)
quiescent subsamples K-S and A-D once again provide
similarly low p−values as for lower-mass systems only in
the 0.44 < z < 0.51 range, where the number of galaxies
is lower than in all other subsamples with low p−values.
Other massive quiescent systems show no significant dif-
ference in the distribution of stellar population ages for
the two size bins.
The inset of Figure 13 shows the time evolution of
the Dn4000 index for a galaxy model that estimates the
period of quiescence (i.e, the average age) for F2-HSC
systems in the stellar mass – redshift matrix of Fig-
ure 13. We measure Dn4000 from the synthetic spec-
trum of a quiescent galaxy constructed using the Flex-
ible Stellar Population Synthesis code (FSPS; Conroy
et al. 2009; Conroy & Gunn 2010). The model galaxy
has solar metallicity and and constant star formation
rate for 1 Gyr ending at redshift zQ. The average age
of a quiescent galaxy is then the difference between the
lookback time at the redshift of a galaxy and the look-
back time corresponding to the redshift of quiescence zQ
for the model curve that matches measured the Dn4000
value at the galaxy redshift.
The age of M∗ > 1011M galaxies does not change
with galaxy size. The majority of galaxies populat-
ing the first row in Figure 13 span the age range from
∼ 2 Gyr at z ∼ 0.55 to ∼ 4.5 Gyr at z . 0.26. For M∗ <
1011M systems, the estimated average age depends
both on galaxy stellar mass and size. For the majority
of larger intermediate-mass systems (blue histograms in
the second row of Figure 13) the age varies from . 1 Gyr
at z ∼ 0.3 to ∼ 3 Gyr at z ∼ 0.15. However, at z > 0.37
intermediate mass systems (10.5 < log(M∗/M) < 11)
with larger sizes have an average age between these two
limits (∼ 2 Gyr). A large fraction of smaller galaxies
of the same mass (red histograms in the second row of
Figure 13) have similar ages across this redshift range
(∼ 3 Gyr). The majority of 10 < log(M∗/M) < 10.5
quiescent systems with larger sizes (blue histograms in
the third row of Figure 13) are consistently very young
(< 1 Gyr) at z < 0.37. A significant fraction of their
smaller counterparts (red histograms in the third row
of Figure 13) have older ages ranging from ∼ 1 Gyr at
z ∼ 0.3 to ∼ 2 Gyr at z ∼ 0.15.
The distributions of quiescent galaxy sizes in Figure 12
show that the trend of smaller sizes for older galaxies
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continues beyond the size difference between star form-
ing and quiescent galaxies (Figure 6). Throughout the
observed redshift range, quiescent M∗ < 1011M galax-
ies in the lower half of the age distribution are consis-
tently larger than their similarly massive older quies-
cent counterparts. For M∗ > 1011M quiescent galax-
ies, there is no significant difference in size distributions
between younger and older systems. The typical age
of M∗ > 1011M quiescent galaxies divided into small
and large size subsamples in different redshift intervals
(Figure 13) suggests passive evolution without signifi-
cant size growth. At lower stellar masses the typical
galaxy age depends on both galaxy stellar mass and size
(following the anti-correlation between size and age at
fixed stellar mass in Figure 9).
5.3. Number Density
Changes in absolute and fractional abundances pro-
vides additional constraints on the processes that drive
the evolution of quiescent systems. We trace the redshift
evolution of galaxy number density and fraction (in the
parent quiescent population) across a two-dimensional
matrix in stellar mass and size (Figures 14 and 15). We
measure the absolute and relative number of quiescent
systems in redshift intervals defined by the distribution
of galaxy overdensities in the F2 field (blue shaded areas
in Figure 5).
The most massive quiescent systems (M∗ > 1011M)
show very little change in galaxy number density with
redshift (the first row in Figure 14). The most promi-
nent fluctuations (∼ 0.5 dex jumps) in the number den-
sities of larger massive systems (Re & 1.8 kpc, panels C
and D in Figure 14) are in the redshift intervals with the
largest structures in the field (z ∼ 0.3 and z ∼ 0.42). In
contrast , the fraction of the most massive systems in
the quiescent galaxy population declines with decreas-
ing redshift (the first row of Figure 15). The trends
in absolute and fractional numbers of M∗ > 1011M
galaxies suggest that: 1) at the massive end of quiescent
galaxy mass distribution the majority of z . 0.6 systems
do not evolve in size individually (as the number density
remains constant in every size bin), and 2) at z . 0.6 the
fraction of the most massive galaxies of all sizes within
the general quiescent population declines because the
properties of galaxies joining the red sequence change
with redshift. Progressively larger numbers of less mas-
sive systems join the quiescent population with decreas-
ing redshift (downsizing, Cowie et al. 1996).
At M∗ < 1011M the evolution in number densi-
ties and fractions of quiescent galaxies in different stel-
lar mass and size bins becomes more complex. In the
z . 0.45 redshift interval, where the 3 × 1010M <
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Figure 14. The redshift evolution of number density for quiescent F2 galaxies in bins of mass and size. Grey shaded areas
mask redshift ranges where the F2 quiescent sample is incomplete at the lower mass limit of teh bin (based on the stellar mass
limit from Figure 7). Galaxies with sizes −0.25 < log(Re) < 0.75 and masses 10 < log(M∗) < 11 show the most prominent
evolution in number density. In contrast, the most massive (top row) galaxies display little variation in their number density
with increasing redshift. For galaxies in the lowest mass bin (bottom row) the number density remains approximately constant
over the redshift range where the quiescent F2 sample is mass-complete.
M∗ < 1011M quiescent subsample is complete, larger
intermediate-mass F2-HSC galaxies (Re & 1.8 kpc)
have an increasing number density and are an approx-
imately constant fraction of the parent quiescent pop-
ulation with decreasing redshift (panels G and H in
Figures 14 and 15). As in the M∗ > 1011M quies-
cent subsample, substantial departures from the mono-
tonically increasing number densities coincide with the
largest F2 structures. Smaller intermediate-mass quies-
cent systems depart from constant number density only
in the redshift range dominated by the largest clusters
in the field (z ∼ 0.3, panels E and F in Figures 14).
In contrast, the fraction of small intermediate-mass qui-
escent systems decreases monotonically with decreasing
redshift from z ∼ 0.4 (panels E and F in Figures 13).
Taken together, the trends in number density and frac-
tion show that 1) intermediate-mass quiescent galax-
ies experience changes in number density and fractional
abundance that depend on galaxy size, 2) individual
compact intermediate-mass quiescent systems, like their
more massive compact counterparts, do not grow sub-
stantially in size from z ∼ 0.45 to z ∼ 0.1, and 3) the
contribution of compact intermediate-mass systems to
the underlying quiescent population does change with
redshift suggesting additional global effects.
The evolution of number densities and fractional
abundances for 10 < log(M∗/M) < 10.5 quiescent
galaxies to z ∼ 0.3 (with stellar masses 1010M < M∗ <
3 × 1010M) is similar to the intermediate-mass sam-
ple. For Re > 1.8 kpc the number density increases to-
wards z ∼ 0.1, and low-mass galaxies with smaller sizes
show an approximately constant fractional abundance
in this redshift range (modulo sharp changes related to
the largest overdensity at z ∼ 0.3, last row of panels
in Figure 14). However, unlike quiescent galaxies with
larger masses, the fraction of extended low-mass galax-
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Figure 15. Fractional number density evolution of quiescent F2 galaxies in bins of mass and size with respect to the underlying
quiescent population. Symbols indicate the ratio between the number of quiescent F2 galaxies of a given mass and size and the
total number of quiescent F2 systems in redshift bins of ∆z = 0.05. The first and the last redshift bin are larger: ∆z = 0.2 and
∆z = 0.1, respectively. Grey shaded areas mask redshift ranges where the F2 quiescent sample is incomplete at the lower mass
limit of the bin (based on the stellar mass limit from Figure 7).
ies increases with decreasing redshift (panels K and L in
Figure 15). For smaller sizes (Re < 1.8 kpc), the frac-
tion of low-mass systems is constant with redshift only
for a small range in size: it declines for Re < 0.5 kpc
(panels I and J in Figure 15). Evolutionary trends in
absolute and fractional abundance become increasingly
dependent on galaxy size with decreasing stellar mass.
Trends in the number density and fractional abun-
dance with redshift for quiescent galaxies segregated
by stellar mass and size suggest multiple channels of
galaxy evolution that include internal processes affect-
ing the size growth of individual galaxies and external,
global processes that affect the distributions of proper-
ties for all quiescent systems. To further examine the
relative contributions of processes that drive quiescent
galaxy evolution, we trace the absolute and fractional
abundance of the most compact quiescent galaxies from
z ∼ 0.1 to z ∼ 0.6.
The definition of a massive compact quiescent galaxy
is somewhat arbitrary. The range of massive compact
galaxy properties can be defined either by a constant
cutoff values in stellar mass and half-light radius (e.g.,
Trujillo et al. 2009; Carollo et al. 2013), or by a combina-
tion of a constant lower limit on stellar mass and a lower
limit on size that scales with mass (a line approximately
parallel to the size – stellar mass relation at a given red-
shift; e.g., Valentinuzzi et al. 2010; Taylor et al. 2010;
Barro et al. 2013; Cassata et al. 2011; van der Wel et al.
2014). We use five different criteria (compiled from the
literature by Charbonnier et al. 2017) to select massive
compact galaxies and to follow the intermediate redshift
evolution of their absolute number density and of their
fractional abundance in the parent quiescent population
with the same stellar mass (Table 4 and Figure 16).
From z ∼ 0.1 to z ∼ 0.3, the fractional abundance
of all compact samples increases (Figure 16A), (Sec-
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Figure 16. A: Fraction of compact galaxies in equivalently massive F2-HSC quiescent subsamples as a function of redshift.
B: Number density of quiescent compact F2-HSC galaxies. In both panels points are color-coded based on the definitions
of compactness explored in Charbonnier et al. (2017). Arrows indicate upper limits on fractions and number densities in
redshift intervals where there are no compact systems in the field. We selected redshift intervals that follow the distribution of
overdensities in the F2 field (peaks in the redshift distribution of log(M∗/M) > 10.5 quiescent systems represented by the grey
histogram). Table 4 lists the number densities and fractions of compact massive galaxies shown here.
tion 3.2, Figure 5, Geller et al. 2014). Interestingly, at
z & 0.3, the location of the most massive structure in
the F2 field, the samples diverge. After the first plateau,
the fraction of compact galaxies with sizes normalized
by stellar mass (i.e, ∼ parallel to the size-mass rela-
tions of Figures 9) in the parent population of similarly
massive quiescent systems (log(M∗/M) > 10.6 (10.7))
continues to increase to z ∼ 0.42, and then flattens
out at the redshift limit of the survey. The fractional
abundance of compacts with a constant cutoff size in
the quiescent sample covering a slightly broader stellar
mass range (log(M∗/M) > 10.5), on the other hand,
decreases for z & 0.3. Using a photometric sample that
covers ∼ 170 deg2 of the Stripe 82 field Charbonnier
et al. (2017) finds the same variance between trends in
fractional abundances for compact samples that include
different stellar mass ranges and employ different cutoff
sizes (their Figure 5).
Figure 16B shows similar evolutionary trends in num-
ber densities for different compact selections: compact
galaxy number densities closely follow the redshift distri-
bution of structures in the field, a trend expected if mas-
sive compact systems reside preferentially in dense en-
vironments at intermediate redshift (Valentinuzzi et al.
2010; Damjanov et al. 2015b). Although the presence
of the large overdensity at z ∼ 0.3 significantly affects
the observed number density evolution, massive com-
pact systems have at most a mild decline in number
density from z ∼ 0.5 to z ∼ 0.1 of . 0.5 dex (or a factor
of 3).
The combined evolution in the absolute and fractional
abundances of massive compact quiescent galaxies is
very similar to the evolution of most the massive galax-
ies regardless of size (top row in Figures 14 and 15) and
of the most compact intermediate-mass systems (panels
E and F in Figures 14 and 15). For both the most mas-
sive and the densest galaxies, the number density tracks
the distribution of structures in the field and their frac-
tion within the general quiescent population decreases
with decreasing redshift.
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Table 4. Properties of Massive Quiescent Compact Galaxies in F2-HSC
Definition
Re < 2
a Re < 1.4 Re,c < 2 (M∗/1011M) Re < 2.5 (M∗/1011M)0.75 Re < 1.5 (M∗/1011M)0.75
Stellar mass range
log(M∗/M > 10.5) log(M∗/M > 10.5) log(M∗/M > 10.6) log(M∗/M > 10.7) log(M∗/M > 10.7)
Redshift Number of compacts
0.11–0.56 384 154 480 266 46
Redshiftb Fraction log(n)c Fraction log(n) Fraction log(n) Fraction log(n) Fraction log(n)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
0.11–0.15 0.02 ± 0.02 −4.5 ± 0.3 0.01 ± 0.01 −4.8 ± 0.5 0.03 ± 0.02 −4.5 ± 0.3 0.02 ± 0.02 −4.8 ± 0.5 < 0.02d < −4.8d
0.15–0.20 0.03 ± 0.02 −4.4 ± 0.2 0.007 ± 0.007 −5.1 ± 0.5 0.02 ± 0.01 −4.8 ± 0.3 < 0.01d < −5.1d < 0.01d < −5.1d
0.20–0.25 0.10 ± 0.02 −3.96 ± 0.09 0.03 ± 0.1 −4.5 ± 0.2 0.04 ± 0.02 −4.5 ± 0.2 0.02 ± 0.01 −4.8 ± 0.3 < 0.007d < −5.3d
0.25–0.28 0.10 ± 0.03 −4.1 ± 0.1 0.016 ± 0.011 −4.9 ± 0.3 0.08 ± 0.03 −4.3 ± 0.2 0.02 ± 0.02 −4.9 ± 0.5 0.01 ± 0.01 −5.2 ± 0.5
0.28–0.31 0.17 ± 0.02 −3.32 ± 0.05 0.08 ± 0.02 −3.65 ± 0.07 0.14 ± 0.02 −3.49 ± 0.06 0.05 ± 0.01 −4.0 ± 0.1 0.022 ± 0.008 −4.4 ± 0.2
0.31–0.33 0.19 ± 0.03 −3.42 ± 0.06 0.08 ± 0.02 −3.78 ± 0.09 0.16 ± 0.03 −3.56 ± 0.07 0.06 ± 0.02 −4.1 ± 0.1 0.015 ± 0.009 −4.7 ± 0.3
0.33–0.35 0.19 ± 0.03 −3.58 ± 0.07 0.08 ± 0.02 −4.0 ± 0.1 0.14 ± 0.03 −3.78 ± 0.09 0.10 ± 0.03 −4.0 ± 0.1 0.02 ± 0.01 −4.7 ± 0.3
0.35–0.37 0.18 ± 0.05 −4.0 ± 0.1 0.05 ± 0.02 −4.5 ± 0.2 0.22 ± 0.06 −3.9 ± 0.1 0.10 ± 0.04 −4.3 ± 0.2 < 0.012d < −5.25d
0.37–0.41 0.16 ± 0.03 −3.94 ± 0.07 0.08 ± 0.02 −4.26 ± 0.09 0.25 ± 0.04 −3.76 ± 0.05 0.18 ± 0.03 −3.98 ± 0.07 0.02 ± 0.01 −4.9 ± 0.2
0.41–0.44 0.13 ± 0.02 −3.91 ± 0.07 0.04 ± 0.01 −4.4 ± 0.1 0.21 ± 0.03 −3.73 ± 0.06 0.15 ± 0.03 −3.92 ± 0.07 0.014 ± 0.007 −4.9 ± 0.2
0.44–0.47 · · · e · · · e · · · e · · · e 0.23 ± 0.04 −3.94 ± 0.07 0.20 ± 0.04 −4.04 ± 0.08 0.04 ± 0.02 −4.7 ± 0.2
0.47–0.49 · · · e · · · e · · · e · · · e · · · e · · · e 0.11 ± 0.05 −4.6 ± 0.2 0.07 ± 0.04 −4.8 ± 0.2
0.49–0.52 · · · e · · · e · · · e · · · e · · · e · · · e 0.19 ± 0.04 −4.18 ± 0.08 0.02 ± 0.01 −5.1 ± 0.2
0.52–0.56 · · · e · · · e · · · e · · · e · · · e · · · e 0.21 ± 0.03 −4.12 ± 0.06 0.02 ± 0.01 −5.0 ± 0.2
Note—
a Half-light radius, either along the major axis (Re) or circularized (Re,c), is in units of kpc.
b Redshift intervals correspond to the redshift distribution of overdensities in F2 (Figure 5).
c Number density n in units of Mpc−3.
d For a given compactness definition there are no compact galaxies in this redshift interval.
e For a given limiting stellar mass range the F2 galaxy sample is not complete in this redshift interval.
5.4. Summary of Global Evolutionary Constraints
Redshift evolution in the typical size, average stel-
lar population age, and absolute and fractional abun-
dances for galaxies segregated by stellar mass and size
(or the combination of the two) constrains the drivers of
the size growth of the quiescent galaxy population. In
Sections 5.1, 5.2, and 5.3 we examine the evolutionary
trends that quiescent M∗ > 1010M galaxies follow for
0.1 < z < 0.6. Here we summarize the constraints.
The size evolution of quiescent F2-HSC galaxies in
three stellar mass bins (Figure 10B, Table 3) shows
that the most massive galaxies (M∗ > 1011M) grow
much more slowly in size than the least massive (M∗ ∼
1010M) galaxies. In stark contrast with the results
at higher redshift (van der Wel et al. 2014), the size
evolution of intermediate-redshift massive galaxies slows
down and the size growth of low-mass systems acceler-
ates over the same redshift (lookback time) interval.
The distributions of sizes for younger and older qui-
escent F2-HSC galaxies (Figure 12) and the distribu-
tions of Dn4000 (indicator of the average stellar popula-
tion ages) for large and small quiescent intermediate-
redshift galaxies (Figure 13) provide additional clues
about the mass-dependence of galaxy size growth. For
M∗ > 1011M quiescent F2-HSC galaxies, the size dis-
tributions are insensitive to population age and the age
distributions are insensitive to size. In contrast, for
M∗ < 1011M, statistical tests demonstrate that the
distributions of sizes for younger and older (and the dis-
tributions of galaxy ages for larger and smaller) lower-
mass galaxies cannot originate from the same under-
lying distribution. The age distribution of high-mass
quiescent galaxies regardless of their size suggests sim-
ple passive evolution from z ∼ 0.6 to z ∼ 0.1. On the
other hand, the population of quiescent galaxies with
lower stellar masses show age distributions dependent
on galaxy size: on average, smaller galaxies are up to
2 Gyr older than their larger counterparts of the same
mass. These mass-dependent trends are consistent with
the downsizing scenario where the most massive galaxies
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complete their evolution at earlier times.
The evolution in number density and fraction within
the general quiescent population is a function of stel-
lar mass (Figures 14 and 15). Massive galaxies with
M∗ > 1011M) have a constant absolute number den-
sity and a monotonically declining fractional abundance
with decreasing redshift. Quiescent systems with lower
stellar masses display mass- and size-dependent evolu-
tion in both absolute and fractional abundance. Larger
(Re > 1.8 kpc) galaxies with M∗ < 1011M increase
their absolute number density as the redshift decreases
but the fractional abundance remains approximately
constant or increases (for M∗ ∼ 1010M quiescent sys-
tems). Over the same redshift interval, smaller quiescent
systems in the same mass range show constant abso-
lute number density but they are a steadily decreasing
fraction of the population. At smaller sizes and stellar
masses, only the Re ∼ 1 kpc, M∗ ∼ 1010M quiescent
systems show approximate constancy in both absolute
and fractional abundance.
With some dependence on definition, different samples
of massive compact quiescent galaxies in the F2-HSC
sample (Figure 16, Table 4) the absolute and fractional
number densities evolve in parallel with the most mas-
sive objects in the F2-HSC survey. The fraction of mas-
sive compact systems increases from z ∼ 0.1 to z ∼ 0.5.
The number density of dense quiescent systems closely
follows the distribution of overdensities in the F2 field
without no significant monotonic increase towards the
redshift limit of the survey, z ∼ 0.6.
6. DISCUSSION
The observed evolutionary trends constrain the ef-
fect that different mechanisms have on the observed size
growth of the quiescent galaxy population at intermedi-
ate redshift (Section 5.4). The next step is to relate the
changes in galaxy size, age, number density and frac-
tional abundance with redshift and their dependence
on stellar mass and size of a galaxy to the proposed
growth mechanisms. These mechanisms include both
processes that affect individual quiescent systems and
global trends that propel the evolution of the quiescent
population as an ensemble (Section 6.2). In Section 6.3
we consider the limitations of the redshift survey ap-
proach. Because the distribution of structure in the field
is imprinted in all redshift trends we observe, we first ex-
plore the effect of cosmic variance on the comparisons
we make with other surveys (Section 6.1).
6.1. Cosmic Variance
Redshift distributions of number densities/fractional
abundances for the quiescent galaxy population are
influenced by the distribution of structures in the
field regardless of galaxy stellar mass or size (Fig-
ures 14 and 15). The rate of growth in average size for
the most massive quiescent systems (M∗ > 1011M)
changes direction from (mildly) increasing to decreas-
ing with redshift at the redshift of a large cluster com-
plex (Figure 11B). The abundance of massive (M∗ >
3×1010M) compact quiescent galaxies depends heavily
on the distribution of structure in the field (Figure 16).
Thus it is important to investigate the impact of cosmic
variance on the comparison between galaxy counts and
(consequently) average size growth rates for quiescent
galaxies in different surveys.
Similarity between the quiescent galaxy number den-
sity in SHELS F2 survey and in the low-resolution
spectroscopic survey PRIMUS, covering an area of
5.5 deg2 distributed over five separate fields, confirms
that the number density measurements in the 4 deg2
F2 field are not significantly biased by cosmic variance
(Section 4.1). Furthermore, single median size mea-
surements for z < 0.5 3D-HST quiescent systems (a
0.25 deg2 field) with 1010M < M∗ < 1011M follow
the trends in median size with redshift that we trace by
sampling intermediate-redshift quiescent F2 galaxies in
narrow redshift bins (Section 5.1).
The only significant difference between 3D-HST and
F2-HSC estimates (at the highest stellar masses, M∗ >
1011M) is fully accounted for by the difference in vol-
umes probed by two surveys (Section 5.1). If the sizes of
the most massive galaxies at z ∼ 0.25 are traced using
similarly high-resolution imaging over a larger area (e.g.,
COSMOS-DASH, based on HST WFC3 H160 imaging
of ∼ 0.5 deg2 area within COSMOS field, Mowla
et al. 2018), the median values and the size growth rate
agree within the quoted uncertainties with the values
for M∗ > 1011M F2 quiescent systems (Table 3). This
comparison demonstrates that trends in size growth of
quiescent F2 galaxies segregated by stellar mass (Fig-
ure 10) are robust to the details of the large-scale struc-
ture in these different surveys.
In contrast with the F2-HSC results, a recent study of
intermediate-redshift galaxies based on ugri-band pho-
tometric survey of 150 deg2 (KiDS, de Jong et al. 2015)
suggests that M∗ ∼ 2 × 1011M quiescent systems ex-
perience faster size growth than their M∗ < 1011M
counterparts over the 0 < z < 0.5 redshift range (Roy
et al. 2018). Although the absolute growth rate for
M∗ > 1011M KiDS galaxies is within ±1σ of the F2-
HSC and COSMOS-DASH results, the difference in the
growth rate of quiescent systems as a function of stellar
mass is opposite to the behaviour in the F2-HSC sur-
vey where galaxies of lower stellar mass experience more
rapid size growth than their more massive counterparts.
In comparison with F2-HSC, the sizes of KiDS galax-
ies are based on lower-resolution imaging in the r−band
(∼ 0.′′7 ± 0.′′1). In contrast to F2 galaxies with spec-
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troscopic redshifts, KiDS galaxy redshift estimates are
based on a machine-learning technique and aperture
photometry in four bands of the visible wavelength
range. Their spheroid-dominated (early-type, quies-
cent) galaxy selection criteria include a) the Se´rsic index
of the best-fit 2D surface brightness model (n > 2.5),
and b) the SED fitting classification based on a set of
66 spectrophotometric Le Phare templates (Ilbert et al.
2006).
Spectroscopy-based selection of quiescent galaxies in
F2-HSC (Section 2.2) and photometric selection of qui-
escent systems in KiDS introduce different levels of con-
tamination by star-forming systems in the two sam-
ples, especially at stellar masses log(M∗/M) . 10.75
where spectroscopic information becomes more impor-
tant (Moresco et al. 2013). Furthermore, a fraction of
quiescent systems at z ∼ 0 and in higher redshift regimes
have a (minor) disk component (Buitrago et al. 2018,
and references therein). Differences between the char-
acteristics of the two surveys and between the criteria
used to extract quiescent samples likely contribute to
the differences between trends in size growth of F2-HSC
and KiDS systems.
6.2. Growth Mechanisms
A comparison of HST-based surface brightness profiles
of high-redshift (z ∼ 2) quiescent spectroscopic samples
with the properties of radial profiles for similarly massive
quiescent systems from the local volume (SDSS samples;
e.g., Belli et al. 2017) reveals a dramatic increase in the
average size (normalized by stellar mass) for quiescent
galaxies observed over large lookback times. The zero
point of the stellar mass – size relation in the F2-HSC
quiescent galaxy sample changes in agreement with the
average growth rate derived over a broader redshift base-
line (van der Wel et al. 2014, Figure 11A). The growth
rates of intermediate-redshift quiescent systems of dif-
ferent stellar masses, however, contrast sharply with
the mass-dependent growth rates at higher redshift: at
z < 0.6 size growth slows down for the most massive
galaxies (M∗ > 1011M) and accelerates for less mas-
sive systems (1010M < M∗ < 3×1010M, Figure 10).
Two classes of evolutionary processes may contribute
to the increase in size of quiescent galaxies: a) growth
of individual galaxies that are already in the quiescent
population (e.g., van Dokkum et al. 2010), and b) the
addition of more extended newly quenched galaxies to
the quiescent population at later times (progenitor bias;
e.g, Franx et al. 2008; Carollo et al. 2013). Individ-
ual quiescent systems may grow through major merg-
ers (e.g., Kaviraj et al. 2014), late accretion or minor
mergers (Naab et al. 2009; Oser et al. 2012; Hilz et al.
2012; Newman et al. 2012), or by feedback-driven adi-
abatic expansion (Fan et al. 2008, 2010). The evolu-
tionary trends in number density, fractional abundance,
and the distribution of average stellar population ages
for quiescent systems segregated by stellar mass and size
at 0.1 < z < 0.6 provide clues to the evolutionary pro-
cesses that dominate the size growth.
The most massive (M∗ > 1011M) galaxies show no
significant differences among the size distributions seg-
regated by age and redshift. Some fraction of massive
systems must experience individual size growth because
the average size of the massive population grows slowly.
However, the average age distribution of these massive
F2-HSC galaxies is consistent with passive evolution
over the redshift interval covered by the F2-HSC sur-
vey. A very few massive quiescent galaxies are becoming
quiescent at later times. Together with their constant
number density and increasing population fraction with
redshift, the combined sizes and ages of the most massive
galaxies are consistent with the well-known downsizing
picture (i.e., more massive galaxies quench and become
quiescent at earlier epochs, Cowie et al. 1996).
In contrast to the most massive galaxies, the
intermediate-redshift evolution of quiescent systems
builds in complexity at lower stellar masses. For M∗ <
1011M quiescent F2-HSC systems there is a clear off-
set between the size distributions of older and younger
objects: older quiescent galaxies are on average smaller
than their younger similarly massive counterparts. Fur-
thermore, the number density of the smallest (most
compact) systems of all stellar masses remains approx-
imately constant over the intermediate redshift range,
with exception of narrow redshift intervals dominated
by dense structures where the number densities increase
sharply. In contrast, fractional abundance of compact
systems increases steadily with redshift. This set of
M∗ < 1011M galaxy properties corresponds to the ex-
pected outcomes of a combination of two global trends:
1) downsizing, or the build up of stellar mass func-
tion below the characteristic mass M∗ at z < 1 (where
M∗ & 7×1010M, e.g., Ilbert et al. 2013; Muzzin et al.
2013) and 2) the increase in size of newly quenched
galaxies at later epochs (i.e., progenitor bias).
The relative contribution to quiescent galaxy size
growth of stochastic processes affecting individual galax-
ies, and global trends altering average size of a galaxy
population through addition of more extended objects to
the quiescent population at later times may depend on
stellar mass. We thus divide the quiescent sample into
three stellar mass bins (as in Figure 10 and Table 3)
and follow the change in median size along two different
Dn4000 (i.e., average stellar population age) tracks. We
note that these two subsets are only a fraction of the full
quiescent sample. Thus the growth rates we obtain for
these subsets are not identical to the rates we quote in
Figure 10 and Table 3 for the complete quiescent sam-
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Figure 17. A: Dn4000 index versus lookback time (redshift) for: 1) F2-HSC galaxies that become quiescent (i.e., have Dn4000 ∼
1.5) at the limiting redshift for each mass bin and age over the observed redshift interval (i.e., increase Dn4000 in steps that
correspond to 1 Gyr time intervals based on the relation between Dn4000 and lookback time for model galaxy in Figure 13;
filled circles), and 2) young quiescent F2-HSC systems (with 1.5 6 Dn4000 6 1.6) that are coming onto the red sequence in each
redshift interval and mass bin (open circles). Dashed colored lines show the redshift evolution of the Dn4000 index for a model
galaxy (Figure 13) that became quiescent at the upper redshift limit for each of the three mass bins in panel. B: Size growth as
a function of lookback time (redshift) for aging galaxies (filled circles) and young quiescent systems with 1.5 6 Dn4000 6 1.6
(open circles). In both panels the three colors correspond to the stellar mass intervals introduced in Figure 10.
ple segregated by stellar mass. Figure 17A illustrates
the change in Dn4000 with lookback time/redshift along
two evolutionary tracks, and Figure 17B shows trends in
the median size with lookback time/redshift for all three
stellar mass intervals.
Filled circles in Figure 17A show the redshift evolution
of Dn4000 index for a population that is passively evolv-
ing. For this experiment the highest redshift (maximum
lookback time) where we can observe each of the mass
bins is the adopted start of the period of quiescence.
We select quiescent systems with Dn4000 ∼ 1.5 at this
maximum redshift. As the redshift (lookback time)
decreases, we select subsets of quiescent systems with
Dn4000 corresponding to the relation between Dn4000
and redshift (lookback time) for the model galaxy in
Figure 13. Figure 17A shows the match between the
selected data (filled circles) and the passive evolution
model (dotted line). Figure 17B shows the median mea-
sured size of Dn4000 selected objects as a function of
lookback time (solid dots connected by solid lines). The
maximum change in the size of quiescent galaxies on
this evolutionary track, corresponding to individual size
growth, is ∼ 0.15 dex. If we attribute individual size
growth to mergers, these processes increase the size of
intermediate-mass systems in the sample up to ∼ 40%
over 2 Gyr of lookback time (blue filled circles in Fig-
ure 17B). At the high-mass end, the processes behind
individual size growth produce an increase in size of
∼ 20% over 4 Gyr of lookback time (green filled circles
in Figure 17B).
The change in the median size of quiescent galaxies
that join the quiescent population over this redshift in-
terval (open circles in Figures 17A and 17B) results from
downsizing and progenitor bias. We track this evolution-
ary path by identifying objects with 1.5 6 Dn4000 6 1.6
at each redshift (lookback time). Open circles in Fig-
ure 17A shows the average Dn4000 as a function of red-
shift for this selection. In Figure 17B we trace the av-
erage size of this selected population with open circles.
The entry of recently quenched galaxies onto the qui-
escent population has the largest effect in the lowest
mass sample (red open circles in Figures 17A and 17B),
with median size increasing by almost a factor of 2. On
the other end of the stellar mass distribution, galax-
ies with M∗ > 1011M (open green circles in Fig-
ures 17A and 17B) entering the quiescent population
show very little (if any) change in median size (note
that the median size at a lookback time of 1 Gyr is
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based on only one massive object).
Figure 17 shows that galaxies with M∗ ∼ 1010M ex-
perience the most prominent size evolution at 0.1 . z .
0.35. The evolution of these galaxies is driven by global
processes that change the stellar mass and size distri-
butions of the galaxies that enter the quiescent popula-
tion at these redshifts. Their size growth rate is further
enhanced by processes like mergers, which increase the
size of individual low-mass systems. In contrast, mas-
sive (M∗ ∼ 1011M) systems have mostly completed
their size growth by z ∼ 0.6; the evolution in their frac-
tional abundance is thus a manifestation of downsizing.
These trends are broadly consistent with the properties
of the local quiescent galaxy population (Zahid & Geller
2017).
6.3. Limitations
Using the F2-HSC dataset we explore the significance
of 1) the growth of individual quiescent systems, and
2) the size increase (and mass decrease) of star form-
ing galaxies with time for the average size evolution of
quiescent population as a function of stellar mass and
size. Isolating the discrete individual contributions of
different processes that drive size growth of individual
quiescent systems requires additional measurements and
deeper spectro-photometric surveys.
The addition of velocity dispersion measurements pro-
vide an additional probe to constrain the evolution of
quiescent galaxies (Hopkins et al. 2010a; Zahid & Geller
2017). Discrimination between the relative importance
of mergers with different mass ratios requires deep imag-
ing, ideally accompanied by complete spectroscopic sur-
veys to minimize observational uncertainties. However,
redshift evolution in the number of galaxy pairs from
these surveys must be converted into the evolution in
merger rate (e.g., Mundy et al. 2017). At this step
theoretical predictions of merger timescales based on a
range of orbital parameters and galaxy dynamical states
introduces additional uncertainties (that can reach an
order of magnitude, Hopkins et al. 2010b).
Trends in size with redshift at z . 0.5 show a
mass dependence that is in stark contrast with the
mass-dependent trends at z > 1 (Section 5.1, Fig-
ures 10 and 11B). The growth rates of mass-segregated
quiescent galaxies apparently change in the redshift
range 0.5 < z < 1: size growth slows down for M∗ >
1011M systems and simultaneously accelerates at for
M∗ ∼ 1010 galaxies. The limiting magnitude, R = 20.6,
limits our investigation to z . 0.5. Deeper spectroscopic
surveys could further trace and test these changes in the
rate of size growth for quiescent galaxies with different
stellar masses at z . 1.
Throughout the redshift range of the survey, the HSC
i−band images we use to measure galaxy sizes corre-
spond to a range of rest-frame wavelengths, from ∼
5000 A˚ at z ∼ 0.6 to ∼ 8000 A˚ at z ∼ 0.1. The expected
color gradients in galaxies over this wavelength inter-
val might induce additional redshift evolution in galaxy
size. To estimate the amplitude of the color gradient ef-
fect and its possible impact on the results, we apply the
empirical formula from van der Wel et al. (2014) to cor-
rect all galaxy sizes to their value at 5000 A˚ in the rest
frame. The median corrected-to-uncorrected size mea-
surement ratio for the F2-HSC sample is 1.033. The
correction is a function of redshift only; it does not de-
pend on the Dn4000 index. Using size measurements
with this (small) correction for the color gradient effect
does not change any of the results.
Gradients in the stellar population within individ-
ual quiescent galaxies might also introduce systematics.
The Hectospec aperture diameter (of 1.′′5) allows us to
probe the average stellar population age within physical
radial distances of ∼ 3.5 kpc from the galaxy center at
the median redshift of F2-HSC galaxies z ∼ 0.31. Radial
stellar population age gradient would be most promi-
nent in objects with Dn4000 ∼ 1.5 that are just joining
quiescent sequence. Comparison between Dn4000 mea-
surements for z . 0.25 SHELS F2 galaxies that have
both SDSS-based (i.e., 3′′ fiber aperture) and Hectospec-
based spectra shows that the two Dn4000 values are es-
sentially identical (Fabricant et al. 2008). The absence
of any variation in Dn4000 measurements between the
two apertures suggests that the underlying stellar pop-
ulation (in both star-forming and quiescent systems)
does not vary significantly over a factor of two in radial
scales. These comparisons suggest that unless galaxies
have much steeper population gradients than those in
the SDSS comparison sample, the results are insensitive
to this issue.
Figures 14 and 15 display clear trends in the number
density and relative fraction of quiescent systems corre-
lated with overdensities in the field. The redshift evo-
lution in the absolute and fractional abundance of mas-
sive compacts closely follows the large scale structure
in the region (Figure 16). Because the richest galaxy
clusters in F2 lie at z ∼ 0.3, the number densities of
massive compacts peak at this redshift, decreasing by
up to an order of magnitude at later and earlier epochs.
To reduce the impact of cosmic variance a similar spec-
troscopic survey over a much larger area is required.
For example, HectoMAP is a dense redshift survey of a
∼ 53 deg2 field with median redshift z = 0.39 (Geller
et al. 2016). Follow-up HSC imaging, currently available
for ∼ 7 deg2 of the HectoMAP footprint (Sohn et al.
2018; Sohn et al. 2018), will cover the entire region (Ai-
hara et al. 2017). Structural analysis of quiescent Hec-
toMAP galaxies based on high-quality HSC images will
be minimally affected by field-to-field variations as the
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impact of cosmic variance on this survey is reduced to
∼ 4% (Driver & Robotham 2010).
On its own, the F2-HSC survey confirms that mas-
sive compact quiescent galaxies are most abundant in
the densest environments (Damjanov et al. 2015b; Ferre´-
Mateu et al. 2017; Buitrago et al. 2018). However, based
on stellar mass, size, and Dn4000 indices, we cannot dis-
tinguish between the processes that create and destroy
these extreme systems. In some cases gravitational lens-
ing could reveal the extent of their dark matter halos
(e.g., Monna et al. 2015, 2017) and thus constrain the
impact of tidal stripping on the formation of massive
compacts in overdense regions. Deeper imaging surveys
will also provide observational limits on the effects of mi-
nor mergers/accretions in growing (and thus destroying)
massive quiescent compact systems in clusters.
7. CONCLUSIONS
By combining high-resolution HSC imaging with the
magnitude-limited spectroscopic survey of a 4 deg2 field
(SHELS F2, Geller et al. 2014), we explore the contri-
bution of different types of evolutionary processes to
the size growth of massive quiescent galaxies (M∗ >
1010M) at intermediate redshift (0.1 < z < 0.6). We
measure structural parameters, including size, by mod-
elling surface brightness profiles of SHELS F2 galaxies
in i−band HSC images with single Se´rsic profiles. We
combine these measurements with spectroscopic prop-
erties, redshift and Dn4000 index (a proxy for average
age of galaxy stellar population age), and estimates of
stellar mass based on SED fitting, to examine the re-
lations between galaxy size, stellar mass, and age and
their evolution.
The parent sample of ∼ 11000 SHELS F2 galaxies
displays a clear trend in average size with galaxy age.
Divided into cells defined by a combination of narrow
redshift slices encompassing similar volumes and bins
of stellar mass (∆[log(M∗/M)] = 0.5 dex), star form-
ing galaxies have on average larger sizes than their qui-
escent counterparts throughout the mass range 9.5 <
log(M∗/M) . 11.9 and the redshift interval. To ex-
plore the change in size as galaxies evolve through qui-
escence, we use ∼ 3500 galaxies with M∗ > 1010M and
Dn4000 > 1.5 to trace:
• the intermediate redshift evolution of the relation
between stellar mass and size of quiescent systems
as a function of their stellar mass;
• the relation between galaxy size and average stel-
lar population age at fixed mass and its redshift
evolution;
• redshift trends in galaxy age or size distributions
for quiescent systems of similar stellar mass di-
vided further into subsamples at median size or
age, respectively;
• the evolution in absolute and fractional abundance
of quiescent galaxies segregated by stellar mass
and size since z ∼ 0.5;
• the size growth of quiescent galaxies that either
a) become quiescent (i.e., reach Dn4000 = 1.5) at
z ∼ 0.6 and evolve further (i.e. increase Dn4000)
towards z ∼ 0.1, or b) move onto the quiescent
population (i.e., have Dn4000 ∼ 1.5) throughout
the survey redshift interval.
The relative contributions of different processes that
drive quiescent galaxy evolution depend critically on
galaxy stellar mass. Intermediate-redshift evolutionary
trends for M∗ > 1011M galaxies differ from the trends
with redshift for galaxies of lower stellar mass:
• The average size of M∗ > 1011M quiescent sys-
tems increases by 25% (±10%) from z ∼ 0.6 to
z ∼ 0.1 (green circles and green shaded area in
Figure 10). At M∗ < 1011M the evolution in av-
erage size accelerates with decreasing stellar mass;
the size of M∗ ∼ 1010M increases by more than
70% from z ∼ 0.3 to z ∼ 0.1 (red circles and red
shaded area in Figure 10).
• For M∗ > 1011M galaxies, the size is insensi-
tive to age at fixed stellar mass. For galaxies with
M∗ < 1011M the size is strongly anti-correlated
with age for a given stellar mass throughout the
redshift range.
• M∗ > 1011M quiescent galaxies the age distribu-
tions is insensitive to size and the size distribution
is insensitive to age. In contrast, at lower stel-
lar masses the age distribution for larger galaxies
is offset towards younger ages relative to the age
distribution for smaller galaxies.
• The number density of M∗ > 1011M quiescent
systems follows the redshift distribution of over-
densities in the field and does not evolve with red-
shift. Their fractional abundance increases with
redshift. At M∗ < 1011M the evolution in num-
ber density and fractional abundance (within the
general quiescent population at a given redshift)
depend on both galaxy stellar mass and size. The
number density of the largest galaxies decreases
with redshift. This trend changes into constancy
with redshift at intermediate sizes and then into an
increasing trend with redshift for smallest galaxies.
Galaxy sizes where these trend transitions occur
decrease with decreasing stellar mass. The frac-
tional abundance of lower mass systems follows
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similar stellar mass- and size-dependent trends.
However, the abundances of lower mass quiescent
systems continue to follow the redshift distribution
of structures in the field.
• There is very little growth (. 20%) in the aver-
age size of M∗ > 1011M galaxies that become
quiescent at z ∼ 0.6 and age to z ∼ 0.1 (filled
green circles in two panels of Figure 17) and the
average size of similarly massive systems that are
continuously joining the quiescent population over
the same redshift interval (open green circles in
two panels of Figure 17). This growth is con-
sistent (within 1σ) with the expected change in
average size of the total most massive quiescent
population (green circles and green shaded area
in Figure 10). At M∗ < 1011M the size growth
of newly quenched quiescent galaxies depends on
stellar mass and reaches ∼ 80% over 2 Gyr of cos-
mic time for the least massive M∗ ∼ 1010M sys-
tems (open red circles in two panels of Figure 17).
Quiescent systems with increasing Dn4000 display
an average size growth that increases with stellar
mass, reaching a maximum of ∼ 35% over 2 Gyr
for M∗ ∼ 5 × 1010M galaxies (filled blue circles
in two panels of Figure 17).
The evolutionary trends we observe depend critically
on stellar mass and, at M∗ < 1011M, depend par-
tially on galaxy size. These dependences suggest that
the processes dominating the intermediate-redshift evo-
lution of quiescent systems are related to the changes in
properties of the global galaxy population. Stochastic
processes affecting individual quiescent systems play a
secondary role that becomes more prominent at lower
stellar masses:
• M∗ > 1011M quiescent galaxies have mostly
completed their assembly by z ∼ 0.6. Both the ad-
dition of a small number of larger galaxies at later
epochs (progenitor bias) and individual growth
contribute equally to a mild increase in the av-
erage size (of . 25%). For the most massive F2
quiescent systems the only significant evolution is
the increasing fractional abundance with redshift
that is a consequence of downsizing.
• At M∗ < 1011M, individual size growth of qui-
escent systems through mergers becomes increas-
ingly important for the quiescent size growth of
galaxies with stellar masses 10.5 < log(M∗/M) <
11.
The mass-dependence of the average size growth rate
we observe at z < 0.5 contrasts directly with high-
redshift observations. For galaxies at z & 0.5 in the 3D-
HST+CANDELS survey (van der Wel et al. 2014) size
evolution is most rapid at large stellar masses (M >
1011M) and decelerates with decreasing mass. The
difference between the trends in size growth rate with
stellar mass at high and intermediate redshift highlights
the importance of detailed spectro-photometric observa-
tion at 0.5 < z . 1. In this transitional redshift interval,
the relative contributions of the various processes driv-
ing the average size evolution of quiescent systems may
change significantly.
This study provides a baseline for future synergies
between large-area high-resolution imaging campaigns
(with e.g., HSC) and dense spectroscopic surveys (with
e.g., Subaru Prime Focus Spectrograph). Spectro-
photometric surveys of larger areas will further probe
the relationships among the evolutionary trends we out-
line here and the distribution of large scale structure in
the survey volume. Deeper spectroscopic campaigns will
test the relative contribution of various processes to the
growth of quiescent systems at lower stellar masses and
at higher redshift. Deeper imaging surveys can provide
statistical samples of low surface brightness companions
of quiescent galaxies thus directly probing the impor-
tance of mergers with different mass ratios for the size
growth of quiescent population at z < 1. Targeted high-
resolution imaging of strong gravitational lenses with
known spectroscopic properties will probe the connec-
tion between the size growth of the luminous and dark
matter content of quiescent systems in massive galaxy
clusters.
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